Background: Filamin C (encoded by the FLNC gene) is essential for sarcomere attachment to the plasmatic membrane. Mutations in FLNC have been associated with myofibrillar myopathies, and cardiac involvement has been reported in some carriers. Accordingly, since 2012 we have included FLNC in the genetic screening of patients with inherited cardiomyopathies and sudden death. Objective(s): We aimed to demonstrate the association between truncating mutations in FLNC and the development of high-risk dilated and arrhythmogenic cardiomyopathies. Methods: FLNC was studied by next-generation sequencing in 2,877 patients with inherited cardiovascular diseases. We identified a characteristic phenotype in probands with truncating mutations in FLNC. Clinical and genetic evaluation of 28 affected families was performed. Localization of filamin C in cardiac tissue was analysed in patients with truncating FLNC mutations using immunohistochemistry. Results: Twenty-three truncating mutations were identified in 28 probands previously diagnosed with dilated, arrhythmogenic, or restrictive cardiomyopathies. Truncating FLNC mutations were absent in patients with other phenotypes, including 1,078 individuals with hypertrophic cardiomyopathy. Fifty-four mutation carriers were identified among 121 screened relatives. The phenotype consisted in left ventricular dilatation (68%) and systolic dysfunction (46%), left ventricular myocardial fibrosis (67%), inferolateral negative T waves and low voltages on ECG (33%), ventricular arrhythmias (82%), and frequent sudden cardiac death (40 cases in 21/28 families). Clinical skeletal myopathy was not observed. Penetrance was >97% in carriers older than 40 years. Truncating mutations in FLNC cosegregated with this phenotype with a dominant inheritance pattern (combined LOD score: 9.5). Immunohistochemical stainings of myocardial tissue showed no abnormal filamin C aggregates in patients with truncating FLNC mutations. Conclusions: Truncating mutations in FLNC cause an overlapping phenotype of dilated and left dominant arrhythmogenic cardiomyopathies complicated by frequent premature sudden death. Prompt implantation of a cardiac defibrillator should be considered in affected individuals harboring truncating mutations in FLNC.
Introduction
Filamins cross-link actin filaments forming a widespread network in cardiac and skeletal muscles cells (1) . Their principal function is the anchorage of membrane proteins to the cytoskeleton (2, 3) . Gamma filamin or filamin C is one of the three filamin-related proteins, and it is encoded by the FLNC gene (4) . Filamin C also binds to several proteins in the Z-disk of the sarcomere (5-7).
Mutations in FLNC were initially related to a particular form of skeletal myofibrillar myopathy associated in some cases with a non-specified form of "cardiomyopathy" (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . For that reason, since 2012 we have included FLNC in the genetic screening of patients with inherited cardiomyopathies and sudden death.
Here we describe a characteristic form of cardiomyopathy caused by truncating mutations in FLNC in the absence of clinical skeletal myopathy. The phenotype appears as an overlapping of dilated and arrhythmogenic cardiomyopathies, characterized by variable degrees of left ventricular dilatation and systolic dysfunction, prominent subepicardial and/or intramyocardial fibrosis of the left ventricle, frequent ventricular arrhythmias, and sudden cardiac death.
Methods

Patients
From February 2012 to August 2015, FLNC was evaluated by next-generation sequencing in 2,877 patients with different inherited cardiovascular diseases (Online Table 1 ).
The phenotypes were those established by each center prior to the genetic study. We identified 
Genetic Studies
Coding exons and intronic boundaries of 213 genes (Online Table 2 ) related to inherited cardiovascular diseases and sudden death were captured using a custom probe library (SureSelect Target Enrichment Kit for Illumina paired-end multiplexed sequencing method; Agilent Technologies). Sequencing was performed using the Illumina HiSeq 1500 platform (Illumina, USA) with 2x100 base read length following Illumina protocols. Bioinformatics analysis was performed by means of a custom pipeline including software such as NovoAlign (Novocraft Technologies Sdn Bhd), SAMtools, and BCFtools (Sanger Institute) for variant calling and genotyping, and Annovar for variant annotation. Mean coverage for all the evaluated genes ranged between 250x and 400x. Read depth of every nucleotide from genes related to the referring phenotype was >30x. Those exons that did not fulfil this standard were complementary sequenced by the Sanger technique. All exons of FLNC were completely covered (>30x).
Information regarding frequency in different populations (1,000 Genomes Project, Exome Variant Server, Exome Aggregation Consortium) was considered. The allele frequency threshold to consider a mutation clinically relevant was ≤0.1%. Pathogenicity of variants was classified according to current recommendations (18) .
Those variants considered clinically relevant according to the patient's phenotype were confirmed using Sanger sequencing. There is a pseudogene located 53.6 kilobases downstream from the functional FLNC gene, which is 98% homologous to exons 46, 47, and 48. All the variants identified in those exons were sequenced using specific primers designed to confirm that they corresponded to the real FLNC sequence and not to the pseudogene (19) . Cascade genetic screening in relatives was performed using Sanger sequencing.
We considered truncating mutations in FLNC those variants that introduce a premature stop codon in the protein's sequence (nonsense or frameshift) or that could alter the splicing process according to the predictions of five in silico tools: MaxEntScan, Splice-Site Finder (SSF), HSF, NNSPLICE, and GeneSplicer. All the genetic variants included in the present study were predicted to disrupt the protein function.
Statistical Analysis
The cumulative probability for the occurrence of sudden death, appropriate defibrillator shock, heart failure death, or cardiac transplant was estimated by using the Kaplan-Meier method, and factors were compared by using the log-rank (Mantel-Cox) method. Survival was calculated from birth. A two-sided p-value <0.05 was considered statistically significant. Statistical 
Results
Prevalence of truncating mutations in FLNC
Twenty-three different truncating mutations in FLNC were identified in 28 unrelated probands (Figure 1 ; Online Table 3 and Table 4 ). Previous diagnoses were dilated cardiomyopathy in 20 patients, arrhythmogenic cardiomyopathy in 7 (all of them with predominant left ventricular involvement), and restrictive cardiomyopathy in 1. No pathogenic mutations in other genes were identified in any of them. We did not find truncating mutations in FLNC among 2,105 individuals with other inherited cardiovascular diseases, including 1,078 patients with hypertrophic cardiomyopathy (Online Table 1 ). The prevalence of truncating FLNC mutations in this heterogeneous global cohort is low (28 out of 2,877 patients screened= 0.97%).
However, if we refer to the specific phenotypes where this type of mutations were found, the proportion is significantly higher: 20 out of 508 patients with dilated cardiomyopathy (3.9%), 7 out of 219 patients with arrhythmogenic cardiomyopathy (3.2%), and 1 out of 45 individuals with restrictive cardiomyopathy (2.2%).
Phenotype description of patients with truncating mutations in FLNC
In total, 149 individuals (28 probands and 121 relatives) were clinically and genetically evaluated. Fifty-four relatives (45%) carried the FLNC mutation identified in the proband.
Cardiac alterations were evidenced in 74% of relatives with the mutation (n=40). Mean age at presentation in affected carriers was 41±15 years (range 0.3-71). Eleven (92%) of 12 healthy mutation carriers were younger than 40 years at last follow-up (mean 32±16; range 6-72). None of the 67 non-carriers was clinically affected. Complete cosegregation of truncating mutations in FLNC with a particular cardiac phenotype was observed in 23 families who agreed to be investigated (combined LOD score: 9.5) (Online Table 5 and Online Figure 1 ).
Table 1 shows the clinical characteristics of carriers of truncating mutations in FLNC.
Exertional dyspnea and palpitations were the most frequent presentation symptoms. Three probands were asymptomatic at the moment of diagnosis and were studied due to family history of sudden death. Forty-three percent of the affected relatives with positive genotype were asymptomatic and were diagnosed through family screening.
Most of the probands showed left ventricular dilatation (end-diastolic diameter 61±13 mm) and systolic dysfunction (ejection fraction 34±13%), which were also frequent among relatives (end diastolic diameter 53±9 mm; ejection fraction 52±12%). Structural abnormalities in the right ventricle (dilatation, akinesia, dyskinesia, or systolic dysfunction) were observed in 10 probands (36%). All of them presented left ventricular involvement as well. Five (14%) of the 36 affected relatives with available information showed mild right ventricular abnormalities.
Mild hypertrophy (maximal wall thickness ≤14 mm) not fulfilling diagnostic criteria for hypertrophic cardiomyopathy was described in 10 carriers (13%).
Most patients were in sinus rhythm, and cardiac conduction defects were mild and uncommon. Negative T waves were frequently seen in left precordial (12%), inferior (6%), left and inferior (9%), or left and right precordial leads (4%), while no patient presented isolated negative T waves in right precordial leads. Low QRS voltages in the limb leads were found in Electrophysiological study was performed in 8 patients, and ventricular arrhythmias were induced in 4 (two non-sustained ventricular tachycardias, one ventricular tachycardia, and one ventricular fibrillation).
The presence of myocardial fibrosis was assessed by magnetic resonance in 15 probands; 11 of them presented areas with late-gadolinium enhancement exclusively affecting the left ventricular wall. Two of these subjects died suddenly (ages 22 and 25, respectively), and fibrosis was confirmed on cardiac histology (Figure 2A-B) . Three out of 13 probands without magnetic resonance study showed myocardial fibrosis confined to the left ventricle on necropsy/explanted heart (one died suddenly at age 17, and the other two were transplanted at ages 1 and 60, respectively) (Figure 2C-D) . Endomyocardial biopsy of the right ventricle revealed large amounts of fibrosis in the proband diagnosed with restrictive cardiomyopathy. Globally, 75% of those investigated probands developed cardiac fibrosis predominantly affecting the left ventricular wall. Among relatives with the mutation, 16 of 31 evaluated relatives (52%) showed significant amounts of myocardial fibrosis mainly affecting the left ventricle on magnetic resonance (n=13) or in the necropsy (n=2); one relative showed fibrosis on endomyocardial biopsy of the right ventricle. Left ventricular myocardial fibrosis was mainly subepicardial. A concentric pattern and extension to intramyocardial or transmural involvement was observed in some cases. Two patients who were transplanted due to advanced heart failure showed endomyocardial fibrosis.
At initial evaluation no patient suffered from muscle weakness nor showed signs of skeletal myopathy. Mild elevation of plasmatic creatine-kinase levels (less than two-fold of upper normal value) was found in only 3 out of 40 evaluated carriers. Only one of them (proband from family 31277) presented muscle weakness in the lower limbs during follow-up. This patient had been diagnosed of restrictive cardiomyopathy aged 29 and had received a cardiac transplant aged 45. An electromyography study at age 59 revealed moderate myopathic changes. However, this woman was under therapy with simvastatin and corticosteroids that could explain these findings.
Palmoplantar keratoderma was observed and cosegregated with the cardiac phenotype and the FLNC mutation (c.4127+1delG) in 4 members from family 29876 (Online Figures 1 and   3 ). This finding was not observed in other families from this series.
Events
Twelve carriers suffered cardiac arrest (mean age at event 42±16 years; range 17-68), being the first manifestation of the disease in 4 of them. All subjects with available data presented left ventricular systolic dysfunction (n=9; mean left ventricular ejection fraction:
39.6±12%; range 21-54) and myocardial fibrosis confined to the left ventricle (n=7). Ventricular arrhythmias had been investigated prior to the event in 6 of these 12 individuals, and all of them showed frequent ventricular extrasystoles and/or non-sustained ventricular tachycardia.
Twenty-six affected mutation carriers received or were recommended to have a cardiac defibrillator implanted. The indication was primary prevention in 17 (1 declined the indication and 1 died suddenly waiting for the implant) and secondary prevention in 9, after suffering a symptomatic sustained ventricular tachycardia (n=7) or after an aborted cardiac arrest (n=2); all of them exhibited left ventricular systolic dysfunction. Appropriate shocks were recorded in 3/15 (20%) primary prevention patients and in 5/9 (56%) secondary prevention cases (mean time to shock 53±39 months; range 0.1-96) (Online Figure 4) .
Five carriers underwent heart transplantation due to markedly reduced ejection fraction (n=4) or restrictive filling with severe pulmonary hypertension (n=1). Mean age at transplantation was 43±24 years (range 1-60).
Considering both carriers (n=12) and affected relatives without genetic study (n=28), there have been 40 sudden deaths in 21 of the 28 evaluated families. Mean age at event was 44±17 years (range: 15-80); 65% occurred in individuals ≤50 years old. Figure 3 shows the survival curve for sudden death/appropriate defibrillator shock/heart failure death/heart transplant in clinically or genetically affected individuals.
Immunohistochemistry
Immunohistochemical stainings of myocardial tissue from patients carrying truncating mutations in FLNC showed no abnormal filamin C aggregates in the cytoplasm. In contrast, we observed that antibodies against filamin C stained the intercalated disk region in both patients and controls (Figure 4) .
Discussion
We describe the association of truncating mutations in FLNC with a particular These patients with truncating mutations in FLNC share clinical characteristics both of desmosomal mutations and of laminopathies and desminopathies. Ventricular arrhythmias, likely related to the presence of left ventricular myocardial fibrosis, and a high incidence of sudden death may appear in all of them (24, 25) . Nevertheless, isolated or predominant right ventricular involvement, common in desmosomal mutations, was not observed in our patients. On the other hand, cardiac conduction abnormalities were mild and infrequent, while they are common and severe in patients with pathogenic lamin A/C, emerin, or desmin mutations (24) (25) (26) . These differences likely reflect the involvement of different pathogenic mechanisms.
All mutations identified in our work are novel except for c.3791-1G>C. This genetic variant has been reported in two patients with dilated cardiomyopathy (27, 28) . Similarly to our findings, significant ventricular arrhythmia was reported in one of them, and clinical signs of skeletal myopathy were absent in both. Segregation studies in the described families were quite limited.
Filamin C protein is widely expressed in cardiac myocytes and participates in mechanical, sensory, and signal transduction between sarcomeres and plasmatic membranes (2-4). Its participation in the attachment of the sarcomere´s Z-disk to the sarcolemma (costameres) and to the intercalated disks allows for cell-to-cell mechanical force transduction (7) . Filamin C directly interacts with two protein complexes that link the subsarcolemmal actin cytoskeleton to the extracellular matrix: the dystrophin-associated glycoprotein and the integrin complexes (6) . At intercalated disks, filamin C is located in the fascia adherens where myofiber ends reach the sarcolemma, adjacent to the position of desmosomal junctions ( Figure 5) (29) .
Several mutations in FLNC have been previously associated with a particular form of myofibrillar myopathy (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . This phenotype is mainly characterized by late-onset (usually starting in the fourth decade of life) skeletal myopathy, which usually initially involves proximal and later distal limb muscles. Cardiac involvement has been described in some patients, with approximately 30% of carriers showing a non-specific and poorly characterized cardiomyopathy (9) . History of early sudden death has been described in these families, but previous publications did not provide details about these findings (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Mutations in FLNC previously identified in myofibrillar myopathy are mostly missense and in-frame indels. Only two truncating mutations were reported in those patients: a nonsense variant close to the C-terminal end of the protein and a frameshift variant producing a stop codon in exon 30 (8, 13) . Abnormal cytoplasmic filamin C aggregates were demonstrated to play a pathogenic role in most of these cases.
Immunohistochemical analysis showed normal filamin C staining in intercalated disks.
The absence of abnormal filamin C aggregates in the cardiomyocytes' cytoplasm of our patients with truncating FLNC mutations suggests that the mechanism involved in this type of mutations is different from that previously associated with myofibrillar myopathy. One potential explanation is that truncating mutations in FLNC would decrease the level of normal filamin C by means of haploinsufficiency. This alteration could affect mechanical force transduction at intercalated disks and costameres by weakening the binding of the Z-disk to the plasmatic membrane. Tissues exposed to high mechanical force generation, such as the left ventricular myocardium, could be particularly affected. Myocardial fibrosis, together with dilatation and systolic dysfunction of the left ventricle, could be the consequences of this functional alteration.
In a previous study, a medaka fish harboring a homozygous nonsense mutation in FLNC showed early rupture of the myocardial ventricular wall and progressive skeletal muscle degeneration in late embryonic stages. The mutant embryo fish showed fewer sarcomere bundles attached to the intercalated disks and detachment of myofibrils from sarcolemma and intercalated disks, with focal Z-disk destruction (30) .
Clinical signs of skeletal myopathy were specifically and systematically investigated among carriers. It is noteworthy that only one of the carriers in our series showed clinical signs of skeletal myopathy. Although skeletal biopsies were not performed, creatine-kinase levels were within the normal limits in almost all carriers who were investigated. Previous studies suggested that skeletal myopathy would be the main phenotype associated with pathogenic FLNC mutations. Our data show that cardiac disease would be the main consequence of truncating mutations in this gene. Since most previous publications focused on skeletal myopathy and cardiac examinations were not routinely performed, subtle cardiac abnormalities only detectable through Holter ECG and cardiac magnetic resonance could have been missed.
It has been suggested that mutations in FLNC could explain nearly 10% of cases of hypertrophic cardiomyopathy in patients without mutations in the main sarcomeric genes (31).
Seven out of eight novel mutations identified in this work were missense variants. In line with our results, none of the carriers showed symptoms of skeletal myopathy. Moreover, muscle biopsies performed in two patients showed normal histology and histochemistry. It is noteworthy that in this report, patients with FLNC mutations showed lower left ventricular wall thickness than patients without mutations in FLNC. In fact, 65% of carriers who developed hypertrophy showed a maximal wall thickness ≤15 mm. Whether missense mutations lead to hypertrophic cardiomyopathy and truncating mutations to dilated/left dominant arrhythmogenic cardiomyopathies would need to be confirmed in future studies, but so far we have not identified any truncating FLNC mutation in more than 1,000 patients with hypertrophic cardiomyopathy.
Our data clearly suggest that truncating FLNC mutations are not related to the development of hypertrophic cardiomyopathy.
Two novel missense mutations in FLNC have recently showed cosegregation with restrictive cardiomyopathy in two Caucasian families (32) . We postulate that the molecular mechanism associated with these missense mutations could be different to truncating mutations.
However, some clinical characteristics of these two families resemble our findings. Several carriers showed different amounts of myocardial fibrosis on cardiac histology. Moreover, some cases presented T wave abnormalities on ECG or left ventricular systolic dysfunction on echocardiogram. Unfortunately, the assessment of ventricular arrhythmias on Holter ECG and the evaluation of areas with late-gadolinium enhancement with cardiac magnetic resonance were not reported.
Conclusions
Truncating mutations in FLNC are associated with a characteristic cardiac phenotype that includes left ventricular dilatation with systolic dysfunction and myocardial fibrosis. Ventricular arrhythmias are extremely frequent, and families with these mutations show a high incidence of sudden cardiac death. We did not find evidence of skeletal myopathy in our series, suggesting a new and exclusive cardiac phenotype associated with this type of mutations. 
